Sicily Channel is a portion of Mediterranean Sea, between Sicily (Southern Italy) and Tunisia, representing a part of the foreland Apennine-Maghrebian thrust belt. The seismicity of the region is commonly associated with the normal faulting related to the rifting process and volcanic activity of the region. However, certain seismic patterns suggest the existence of some mechanism coexisting with the rifting process. In this work, we present the results of a statistical analysis of the instrumental seismicity and a reliable relocalization of the events recorded in the last 30 yr in the Sicily Channel and western Sicily using the Double Difference method and 3-D Vp and Vs tomographic models. Our procedure allows us to discern the seismic regime of the Sicily sea from the Tyrrhenian one and to describe the main features of an active fault zone in the study area that could not be related to the rifting process. We report that most of the events are highly clustered in the region between 12.5
I N T RO D U C T I O N
The Sicily Channel is a shallow sea between Sicily (Southern Italy) and Tunisia. The water depth is less than 400 m in most of the strait whereas it ranges from 1300 to 1700 m in three NW-SE oriented depressions located in proximity of the islands of Pantelleria (PG), Malta (MG) and Linosa (LG; Fig. 1 ). Despite the whole basin represents the Sicilian foreland of the Neogene Apennine-Maghrebian thrust belt (Argnani 1990 ), these bathymetric depressions are a morphological expression of a continental rifting episode affecting the Northern African lithosphere since the Neogene-Quaternary (Finetti 1984; Dart et al. 1993; Argnani 2009 ). The rifting thinned the continental crust from ca. 30 to 15-18 km in the early Pliocene (Argnani 1990; Civile et al. 2008) and opened the Pantelleria, Malta and Linosa grabens (PG, MG and LG in Fig. 1 ) controlled by NWoriented subvertical normal faults visible in the seismic profiles performed in the area (Finetti 1984; Torelli et al. 1991; Finetti & Del Ben 2005; Civile et al. 2010) .
The basin is also characterized by rift-related volcano activity represented by Pantelleria and Linosa volcanic Islands and a series of magmatic manifestations roughly NNE-SSW aligned from Linosa Island to the Nameless and Graham Banks, in proximity of the Sicilian coast (Peccerillo 2005; Rotolo et al. 2006; Fig. 1) . Petrological studies suggest a magmatism similar to that observed in other continental rift regions (Corti et al. 2003) . Submarine magmatism of the rift began in the early Pliocene and lasted until almost 200 yr ago (Rotolo et al. 2006) when the ephemeral volcano of the Ferdinandea island (now submerged) raised from the sea, off the northwestern coast of Pantelleria Island (Carapezza et al. 1979) .
The seismic activity of the region involves 10-20 km deep hypocentres spread over the strait with local magnitude (M L ) up to 3.5 (Chiarabba et al. 2005; Galea 2007 ). The seismicity is weak in proximity of the southcentral coast of Sicily whereas it is higher between the Pantelleria depression and the Malta and Lampedusa ones (Fig. 1) . Earthquakes in this area can occur to depth down to 60 km and with Ml reaching five in few cases.
Although only a few seismological studies at local scale focussed on this sector of the Mediterranean Sea (Galea 2007) , the seismicity of the Sicily Channel is commonly attributed to the rifting process and the volcanic activity. However, the preliminary event location provided by the INGV bulletin reports the presence of some NNE-SSW alignment of the seismicity (Fig. 1) that cannot be explained as a simple consequence of the rifting and necessitates to be further investigated. The presence of submerged volcanic regions and some alignments of the major seismicity suggest the presence large structures that could play an important role on the reconstruction of the geodynamic puzzle of the region.
In this work, we focus on the NNE-SSW alignment of earthquakes located in the western part of the Sicily Strait (Fig. 1) . This region has already been recognized as a separation belt between the western sector, marked by the Pantelleria graben, and the eastern one, where the bathymetric rift splits into the Linosa and Malta grabens (Winnock 1981; Argnani 1990; Argnani 2009 ). In our study, we follow two complementary approaches to describe in detail the seismicity observed in the region. At first, we perform a statistical analysis of the whole seismicity recorded in the region to discern the seismic regime in the Maghrebian-Sicilian chain and its foreland. Secondly, we relocalize the instrumental seismicity using the Double Difference algorithm (Waldhauser & Ellsworth 2000; Waldhauser 2012 ) and high resolution 3-D Vp and Vs tomographic models (Calò et al. 2013) . Our results provide new details of the seismicity of the study area evidencing the existence of a lithospheric NNE-SSW fault zone in the Sicily Channel.
DATA A N D M E T H O D
We collect the data of the instrumental seismicity recorded in the period 1981-2012 by the National Earthquake Centre of INGV (iside.rm.ingv.it). We select 541 events with M L grater than 1.0 located in the area bounded by the parallels 35.0
• N and 39.5
• N and meridians 11.5
• E and 13.5
• E (black rectangle in Fig. 1 ). The data set is used for characterizing the seismic structures of the study area following two approaches; (i) a statistical analysis to highlight the presence of a difference in the stress regime existing in the area and (ii) a relocation of the earthquakes that describes the main seismic patterns.
To follow the first approach we calculate the frequencymagnitude distributions applying the Gutenberg-Richter law (GR, Ishimoto & Iida 1984; Gutenberg & Richter 1944) to both the whole database of 541 events ( Fig. 2 ) and to two subsets obtained (Set A and B in Fig. 2 ) splitting the study area at latitude = 38
• N (set A and B, Fig. 1 ). The two subsets contain 336 (set A) and 205 events (set B), respectively. Slopes (i.e. the b-values) are calculated using the maximum likelihood method (Aki 1965; Shimazaki 2006) . Because of the incertitude on the choice of a proper magnitude of completeness (MoC) value, different MoC values are used (Table 1 ).
In the second approach we relocalize the events using the Double Difference method (DD, Waldhauser 2012) and 3-D Vp and Vs tomographic models (Calò et al. 2013 ). The original 3-D models are downsampled in a grid with a spacing of 30 km in the horizontal directions and 10 km in depth in order to consider only the effect of the larger scale structure on the traveltime computations and to reduce the computational burden. The parts of the models not resolved by the tomographic study are integrated with the 1-D models optimized for the study region (Calò et al. 2013) .
In the DD locations we consider candidate for clustering only the events satisfying the following criteria: (i) events with epicentral interdistance smaller than 15 km and (ii) at least four links required to define neighbours, that is each pair of events has to be recorded by at least four common stations. We use as initial database the hypocentres located by the INGV, and after 11 iterations the clustered events result 382, the mean rms is reduced from 0.51 s (SD = 0.3 s) to 0.36 s (SD = 0.2 s) and the mean displacement of the hypocentres is of 6.4 and 9.8 km in the horizontal and vertical directions, respectively. Our relocation procedure, besides increasing the clustering of the events, yields a more reliable depth estimation of several events. In fact, most of the events located by the INGV were at a fixed depth of 10 km (Fig. 1) . After the relocation we observe a migration of the hypocentres towards greater depths, especially in the southernmost part of the study area. Fig. 3 reports the relocated epicentres, their density map and the cumulative seismic moment obtained using the empiric conversion formula proposed by Johson & McEvilly (1984) that is considered reliable for 2.4 < M L < 5.1 (Hanks & Boore 1984) . Density and cumulative seismic moment maps are calculated using pixel of 10 km × 10 km. A comparison of the cumulative seismic moment maps before and after the clustering and relocation procedure is reported in the supplementary file (Fig. 1) . After the inversion, epicentres result more clustered and the whole distribution shows two main patterns. A first set of events is located in the southern Tyrrhenian Sea and oriented E-W. The second one crosses the western Sicily and the Sicily Channel in the NNE-SSW direction. The intersection of the two sets roughly occurs at (38.5
• N, 12.8
• E) giving rise to a complex seismic pattern south of Ustica Island.
R E S U LT S

Statistical analysis of the seismicity
Several aspects must be considered for a proper description of the seismicity of this area. Besides its tectonic complexity, the region is indeed not equipped by a dense and even distributed seismic network making difficult the observation of the micro seismicity (M L < 2-2.5). A source of error is also the limited temporal extension of the catalogue. Furthermore, we do not perform a declustering of the data set to avoid interdependences of the event sequences assuming that the high MoC and the lack of large events (M L > 6) reduce strongly this source of bias.
The GR distribution in Fig. 2 is determined using the whole database and yields a b-value of 1.25 when considering a MoC of 3.2, whereas b is equal to 1.20 when imposing a MoC = 3.0 (Table 1) . Albeit the MoC could be shifted to smaller magnitudes in the study region, we adopt a more conservative value to avoid biases on the b-value estimation. However, the estimation of the b-value with different MoC results always much higher than that observed in the systems controlled by a general tectonic stress release, where b typically ranges from 0.6 to 1.0 (Gutenberg & Richter 1944 , 1954 Lay & McEvilly 1995) .
In southern Tyrrhenian (set A, Figs 1 and 2), the seismicity produces a b-value larger than 1.29. This is comparable to b-values varying from 1.2 to 2 commonly observed in volcanic and geothermal contexts (McNutt 1961; Francis 1968a,b; Hill 1977; Matsumura et al. 1991; Wiemer & McNutt 1997; Centamore et al. 1999; Del Pezzo et al. 2003; Legrand et al. 2011 ) and induced seismicity associated with geothermal fields (Wyss 1973; Dorbath et al. 2009; Bachmann et al. 2012) . On the other hand, the seismicity recorded in the Sicily channel (set B, Fig. 2) , with a b-value close to 1, suggests that a stronger tectonic component affects the occurrence of seismic events. Since the difference of the b-values observed in the two subregions is large with respect to the variability related to the sources of error, we can assume that a real difference in the seismic response of the two regions exists.
The relationship between b-value and the spatial distribution of earthquakes is also commonly described by its fractal dimension D through the relation D = 2b for intermediate-size earthquake (Aki 1981) . In the south-western Tyrrhenian sea, D ranges from 2.58 and 2.7 and the seismicity describes a more chaotic organization. In this area small clusters differently oriented are regrouped in a dense and more homogeneous cloud oriented E-W. Seismic moment map (Fig. 3b) reports a general E-W trend perturbed by NNE-SSW and NNW-SSE high seismic manifestations. This pattern is in agreement with the suggestions of Giunta et al. (2009) who analysed the whole seismicity of the southern Tyrrhenian highlighting the differences between the eastern and western part of the Tyrrhenian basin. Conversely, the D parameter estimated for the Sicily Channel and inland Sicily region is 2.1 reflecting structures better arranged as imaged by the relocated seismicity that is organized in a sequence of small clusters approximately aligned N-S (Fig. 3b) .
Fault pattern imaged by the seismicity
The seismicity relocated with the DD method and 3-D models presents two main patterns: (i) a E-W trend in the southern Tyrrhenian and (ii) a NNE-SSW one crossing the Sicily and the Strait down to the Lampedusa Island (Figs 3 and 4) . As above described, the west-southern Tyrrhenian presents a complex pattern where several seismic clusters are differently oriented. In Fig. 4 we also illustrate the focal mechanisms of the major events reported by EMMA database (Vannucci & Gasperini 2004) , by Pondrelli et al. ( , 2006 Pondrelli et al. ( , 2007a and by Anderson and Jackson (1987) for those of Belice sequence (diamonds in Fig. 4) .
The focal mechanisms in southern Tyrrhenian are mainly related to a compressive regime oriented NNW-SSE. In the western Sicily channel the seismic activity depicts a large fault zone (CP, Fig. 4 ) which is highlighted by both the density-seismicity and seismic moment maps (Fig. 3) . This narrow and elongated seismic zone extends for at least 200-250 km and is originated by the alignment of several subclusters oriented NNE-SSW, from the Sicily Strait to the southern Tyrrhenian. Two areas interrupt the CP zone at latitudes of 38-38.2 • N and 37-37.6
• N (Fig. 4) . The first area is roughly located in Castellamare del Golfo, whereas the second one affects the sector of the Graham Bank, Ferdinandea Island and northern border of the Nameless Bank (Fig. 4) . These regions have been affected by intense geothermal and volcanic manifestations during the last centuries. Interesting, the 3-D tomographic model Anderson & Jackson (1987) . Focal mechanisms of the major events occurred in the region are also reported. Low Vp anomaly (from Calò et al. 2013 ) and mantle-derived helium fluxes distribution (from Caracausi et al. 2005) are also reported. In the N-S vertical projection are reported the events located within the CP zone. Ca, Castellamare del Golfo; Mv, Mazara del Vallo; Sc, Sciacca; FI, Ferdinandea Island; GB, Graham Bank; NB, Nameless Bank; LG, Linosa Graben; Li, Linosa; MG, Malta Graben; Pa, Pantelleria; PG, Pantelleria Graben; CP ZONE, CP fault zone.
of Calò et al. (2013) reports a N-S elongated low Vp anomaly at 25 km depth (brown patch, Fig. 4) suggesting that either local heating or highly fractured units affect the elastic parameter of the lower crust of this region. The map of the Vp model compared to the relocated seismicity one is reported in the supplementary file (Fig. 2) . Therefore, we speculate that the deformation pattern is differently accommodated in these two areas, yielding a lacking of seismicity of magnitudes greater than 2.5-3, as reported by the cumulative moment map (Fig. 3) . The events located in the CP fault zone present a mechanism mainly dominated by a right lateral strike slip component with exception of the southernmost region where the presence of some left strike-slip fault mechanisms can be associated with the E-W structures of the Linosa Graben. Thus, the relocated seismicity together with the presence of geothermal areas oriented in N-S direction from Castellamare to Sciacca and ongoing offshore with the Ferdinandea and Nameless bank volcanic regions suggest the existence of a unique region of crustal weakness crossing the area from the southern Tyrrhenian to at least the Linosa island (Fig. 4) .
Worthy of note is also the deep seismicity (down to 70 km) located in the southernmost part of the CP band (Fig. 4) demonstrating that this seismic structure involves the upper mantle at least in this sector. This area separates the Pantelleria graben (PG) by the Malta (MG) and Linosa (LG) ones. Furthermore, geochemical evidences based on analyses of mantle-derived helium fluxes on geothermal springs located in Sicily between Mazara Del Vallo, Castellamare and Sciacca (Caracausi et al. 2005) suggest the presence of deep faults affecting the upper mantle also in this part of the study area (Fig. 4) . If we consider that these two regions (deep seismicity and geochemical observations) are connected through the volcanic area of Ferdinandea Island and the Nameless Bank, we can speculate that the CP zone could extend in the mantle in all its length.
C O N C L U S I O N S
The seismological analysis presented here provides new evidences of an extended seismic fault zone (at least 200-250 km) crossing the western Sicily and Sicily channel. This system affects the whole crust and propagates to the upper mantle down to at least 70 km as suggested by the relocated seismicity and some geochemical evidences (Caracausi et al. 2005) . This system is probably related to the occurrence of the largest events recorded in western Sicily in the last century (e.g. the Belice events), and to the geothermal and volcanic activity of the region. The lack of seismicity along some regions of the fault zone is clearly related to this geothermal and volcanic activity and marked by low values of Vp models in the lower crust (Calò et al. 2013) suggesting that the tectonic stress is accommodate differently in these areas. The frequency-magnitude distributions together with the map of the cumulative moment, and the collection of the focal mechanisms of the largest events allow discriminating the difference in the seismic regime between southern Tyrrhenian and the regions affected by the CP fault zone (i.e. western Sicily and Sicily channel). Therefore the seismicity occurring in the two regions (southern Tyrrhenian and Sicily-Sicily Channel system) can be attributed to different mechanisms. Although further studies are needed to better characterize this active fault zone, this work shows the role of this structure on the control of the volcanic and geothermal spots of the region opening new questions on the tectonic and geodynamic implications that this structure plays in the Europe-Africa convergence.
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